This work reports the evaluation of a set of multi-walled carbon nanotubes (MWCNT) presenting different surface chemistries, as interfaces for the direct electrochemistry of the multihemic nitrite reductase (ccNiR) from Desulfovibrio desulfuricans ATCC27774 (Dd). The carbon nanotubes dispersions were prepared in aqueous media and deposited on pyrolytic graphite (PG) macroelectrodes, following a layer-by-layer methodology.
Introduction
Carbon nanotubes (CNT) are among the most studied nanostructured materials in the field of (bio)electrochemistry. CNT electrodes are usually characterized by improved electrocatalytic activity, which can be mostly attributed to the large surface active areas and facilitated heterogeneous electron transfer (ET) with these interfaces [1] [2] [3] [4] [5] [6] [7] .
However, CNT are insoluble in almost all solvents which makes their manipulation rather difficult, greatly restricting their use in (bio)electrochemistry [6, 8] . To overcome this issue, the introduction of structural defects and oxide functional groups through chemical oxidation with strong acids has been successfully used [5, 9] .
A good example of CNT usefulness in bioelectrochemistry is shown by the ammonia forming enzyme, ccNiR, which delivered much higher catalytic currents and sensitivities with plain single-walled carbon nanotubes modified electrodes [10] . In its simplest structure, ccNiR is composed of two different subunits, so called NrfA and NrfH, in a α 2 β configuration. NrfA houses five hemes including the catalytic site, whereas NrfH contains four, making a total of 14 hemes per trimer [11] .
In this study, we tested a variety of chemically and thermally modified MWCNT in order to further promote ccNiR's catalytic activity. The MWCNT samples were previously prepared and characterized by Gonçalves et al. [12] . Briefly, the original MWCNT sample (MWCNT_orig) was chemically oxidized with HNO 3 (MWCNT-HNO 3 ) introducing oxygenated groups which were selectively removed by subsequent gas-phase thermal treatments at 400 and 600ºC (MWCNT_HNO 3 _400 and 600). In parallel, sample MWCNT_orig was also subjected to gas-phase oxidation with O 2 at 500ºC (MWCNT_O 2 _500). The resulting materials had different surface chemistries and textural properties, as described in detail in ref. [12] (cf. Table 1 ).
All MWCNT samples were water suspended and deposited at PG electrodes, serving in this way as electrode interfaces for ccNiR. The enzyme's voltammetric response in each material was related with its surface properties.
Experimental section
2.1. Reagents ccNiR (1.0 mg/mL; 300 U/mg) was purified from Dd as previously described [11] .
Sodium nitrite, tris(hydroxymethyl)aminomethane and potassium chloride were from Merck and tetrahydrofurane (THF) from Fisher. Solutions were prepared with deionized water (18 MΩ.cm) from a Millipore MilliQ purification system. All chemicals were analytical grade.
Five MWCNT samples were previously treated as described in ref. [12] . The original material: MWCNT_orig was purchased from Nanocyl 3100.
MWCNT dispersions
The MWCNT were dispersed in deionized water (0.1 mg/mL) by sonication during 30 minutes. Because the non-treated material, MWCNT_orig lacked hydrophilic functional groups, it had to be sonicated in the organic solvent THF.
Bioelectrode preparation
The electrodes were modified by consecutively casting 10 µL of MWCNT dispersions and drying the solvent of each layer at 65°C. After five layers had been deposited, electrodes were rinsed with solvent. A 10 µL drop of enzyme was then applied onto the electrodes and dried at room temperature.
Electrochemical measurements
Electrochemical measurements were performed with a Potentiostat Autolab PGSTAT12 (Eco-Chemie) monitored by GPES 4.9 software (Eco-Chemie). A three-electrode cell composed of a reference saturated calomel electrode (SCE; Radiometer), a platinum counter electrode (Radiometer) and a self-made PG (basal plane, Φ < 4mm) as working electrode. Experiments were performed at room temperature (20±2°C) under an argon atmosphere.
Electrocatalytic response to nitrite
The PG electrodes modified with the different samples of MWCNT and ccNiR were also tested by CV in the presence of nitrite. The current-potential profiles were identical with all materials as exemplified in Fig. 2A for the ccNiR/5-MWCNT_O 2 _500
electrodes.
The bioelectrodes exhibited a catalytic peak at ca. -0.4 V vs SCE, reflecting the electroenzymatic reduction of nitrite to ammonium. The current increased as a function of nitrite concentration in a typical Michaelis-Menten saturation curve (Fig. 2B) . The catalytic response was characterized in terms of the linear range, sensitivity, maximum current and catalytic efficiency -J max /J initial -defined as "maximum current density (at saturating nitrite concentration, 1 mM)/initial current density" (Table 1) .
When compared to the non-modified CNT and bare PG surfaces all treated materials provided a better response ( Table 1 ). The best results were obtained with the MWCNT_O 2 _500 and MWCNT_HNO 3 _600 bioconjugates. Actually, the MWCNT_O 2 _500 based bioelectrodes had already displayed a distinctive behaviour in the absence of nitrite. This material provided the highest sensitivities and catalytic efficiencies. Conversely, the ccNiR/MWCNT_HNO 3 _600 bioelectrodes delivered the top one maximum (catalytic) current density, suggesting that the heme cofactors should be responding to the electrode in a faster manner and/or in higher number.
In order to understand the effect of the surface properties of the treated MWCNT on the performance of the bioelectrodes, the maximum current densities were plotted against their surface/textural properties (Fig. 2C-D) . The nanotubes surface areas (S BET ;
Brunauer-Emmett-Teller, cf. Table 1) were not considered since the differences are very small and did not influence the electroactive area of the MWCNT modified electrodes, as mentioned above. Interestingly, a lower mass percentage of surface oxygen (%m O ) delivers higher J max values (Fig. 2C) . Though, it is generally accepted that the presence of oxygenated groups provides more compatible sites for enzyme interaction [3] . In its turn, the evaluation of the influence of the MWCNT' acid-base character (point of zero charge, pH PZC ) indicates that the less charged surfaces were more convenient for enzyme turnover (Fig. 2D ). Because these parameters (%m O , pH PZC ) are indissociable, at this point, we cannot discriminate which one prevails. However, it is probably the electrostatic nature of the chemical functionalities and not their total amount that governs the interactions with ccNiR. As so, it is somewhat surprising that the MWCNT with less negatively charged sites are the most adequate for the enzyme's electrocatalytic activity, contrasting the general notion that carboxyl rich surfaces (such as the edge-plane like defects in CNT), are the best ones to facilitate charge transfer processes [16] . Perhaps the presence of electron-withdrawing groups slowed down the heterogeneous ET kinetics [17] . Moreover, the existence of the NrfH hydrophobic subunit of ccNiR [11] may explain the preference for less oxygenated surfaces.
Conclusions
In this work, a number of selected MWCNT with different surface chemistries were tested as promoters of the direct electrochemical response of ccNiR. The use of nanostructured electrodes with a low content of acidic groups provided a very sensitive method for the electrochemical determination of nitrite. More importantly, some of these MWCNT partially resolved the complex non-catalytic voltammetric response of ccNiR, which has never happened before. Most likely, the surface features of these materials can modulate protein orientation on the electrode surface.
In conclusion, the different surface oxide coverages proved to be valuable interfaces to probe the intrinsic properties of this redox protein and perhaps to selectively study the catalytic heme. 
